Two polymorphic dihydrofolate reductase (DHFR) alleles, termed 20 K and 21 K, exist in Chinese hamster lung cells. Three major transcripts of different lengths are transcribed from each allele, and the expression of these transcripts differs dramatically between the alleles as a result of differential utilization of three poly(A) sites. Transcripts from the 20 K allele are preferentially polyadenylated at the first poly(A) site, while those from the 21 K allele are preferentially polyadenylated at the third site. In this study, transient expression experiments were used to demonstrate that a 2.1 kb genomic fragment containing the three DHFR poly(A) sites is sufficient to reproduce the allelespecific polyadenylation pattern on transiently expressed CAT-DHFR transcripts in COS cells. Sitedirected mutagenesis allowed identification of the sequence elements which are responsible for this allele-specific polyadenylation. These studies indicate that a single-base change in the third poly(A) signal sequence, which alters the consensus AAUAAA signal in the 21 K allele to a weak AAUAAU signal in the 20 K allele, is primarily responsible for the dramatic difference in polyadenylation between the two alleles. Thus, as a result of this single-base change in the third poly(A) signal sequence, utilization of the first poly(A) site, located 1.2 kb upstream, changes dramatically.
INTRODUCTION
The 3' termini of most eukaryotic mRNAs are generated by a sequence-specific cleavage of the primary transcript followed by addition of a long poly (A) tail (1, 2). A highly conserved hexanucleotide, AAUAAA, is required for cleavage and polyadenylation (3) (4) (5) . In addition, sequences downstream from the cleavage site, which are generally GU or U-rich, are also thought to be essential for accurate and efficient cleavage (6) (7) (8) (9) . Variants of the consensus AAUAAA sequence, containing singlebase changes, exist in nature (1, 10, 11) . However, such variants are weak poly(A) signals compared to the consensus AAUAAA signal (1, 3, 12) . While most genes in higher eukaryotes contain a single functional poly(A) site, there are several examples of genes that contain multiple poly (A) sites (13) . Utilization of multiple poly(A) sites can produce different mRNAs that encode functionally distinct gene products. Examples include the adenovirus major late gene, the calcitonin gene, and the immunoglobin heavy-chain gene (14) (15) (16) . On the other hand, mRNA produced using alternative poly(A) sites can still maintain the same protein-coding region, while extending or shortening the length of the 3' untranslated region. Examples include bovine prolactin gene, the mouse a-amylase gene and the mouse, human and hamster dihydrofolate reductase (DHFR) genes (10, 11, 17 -19) . In the later cases, the functional significance of the differential utilization of multiple poly (A) sites is not clear.
Two DHFR alleles, have been identified in the Chinese hamster lung (CHL) fibroblast cell line, DC-3F (20) . As a result of selection with the antifolate methotrexate (MTX), either allele may be found to be amplified, resulting in overexpression of DHFR and commensurate drug resistance (21, 22) . This mutually exclusive amplification of one allele or the other provides an ideal system in which expression of either can be independently analyzed. Two of the more well documented MTX-resistant cell lines are DC-3F/A3 and DC-3F/MQ19, each of which respectively amplify the 21 K or 20 K allele over one hundred fold. Three major different-sized mRNAs (1000, 1650 and 2150 nt) are expressed from each of the two DHFR alleles (Fig. 1 A) (23) (24) (25) . However, the steady state level of the three mRNA species is specific to the allele expressed and is consistently so in independently derived MTX-resistant sublines. Hence, the shortest (1000 nt) species is predominantly expressed in sublines amplifying the 20 K allele, while the longest species (2150 nt) is preferentially expressed in sublines amplifying the 21 K allele. Analysis of the 3' ends of the three mRNAs from each allele demonstrate that they differ primarily in the lengths of their 3' untranslated regions (UTRs), which in turn arise as a result of utilization of three different poly(A) sites (19) . Moreover, the allele-specific expression profiles of the DHFR mRNAs are believed to result from differential utilization of these poly(A) sites (19) .
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We have used transient expression from intronless CAT reporter gene constructs whose transcripts are polyadenylated by direction of the poly(A) signals present in the 3' end of the two DHFR alleles, to study the mechanism whereby the changes in the allele specific polyadenylation pattern occur. The results of these experiments show that a single-base change in the third poly(A) signal sequence, which alters the consensus AAUAAA sequence in the 21 K allele to AAUAAU in the 20 K allele, is primarily responsible for the dramatic differences in polyadenylation between the two alleles. More specifically, our results show that an alteration in the third poly(A) signal not only decreases utilization of that signal but also increases the extent to which transcripts derived from the first signal, located 1.2 kb upstream, account for the composition of the DHFR mRNA population. Thus, the degree to which the first signal is utilized is dependent upon its intrinsic strength and upon the integrity of the third signal as well.
METERIALS AND METHODS

Cell culture, RNA extraction and poly (A)
+ mRNA purification The CHL cell line, DC-3F, and its independently derived MTXresistant sublines DC-3F/A3 and DC-3F/MQ19 (21, 22) were grown in aMEM-F12 (GIBCO) medium supplemented with 5% fetal calf serum and 50 /tg/ml and 10 /ig/ml of MTX, respectively. COS-1 cells used for transfection were maintained in Dulbeccos modified Eagle medium (GIBCO) supplemented with 10% fetal calf serum. Total RNA was isolated by the RNazol method (26) , whereas poly (A) + mRNA was prepared by oligo d(t) chromatography of total RNA (27) .
Northern blot analysis
Northern blot analyses were carried out as described by Zinn et al. (28) . Antisense single-stranded RNA probes were used and labeled by the PCR-mediated in vitro transcription method (29) .
Construction of transfection vectors
pSCAT6, a kind gift from Dr K.Agarwell at University of Chicago, is a derivative of pSV2CAT from which the SV40 tintron, splicing signals and polyadenylation regions have been removed (30) . We replaced those sequences by insertion of a 2.1 kb BamHl genomic fragment obtained from the 3' end of either the 21 K or 20 K DHFR allele that contains the three poly(A) signals of interest (19) . As a result, the final constructs, pSCAT-21 and pSCAT-20 ( Fig. 2) carry the 3' end of the 21 K and 20 K alleles, respectively, cloned downstream of a CAT reporter gene. Expression, in transfected COS cells, is driven by the SV40 promoter. In this configuration, polyadenylation of CAT-DHFR transcripts is directed by the signals contained in the hamster genomic DNA.
Transfections and CAT assays Transfection was carried out by the DEAE-dextran method (31) . Routinely, cells grown in 10-cm dishes were transfected with 10 /tg of the appropriate plasmid DNA, and co-transfected with 3 ng of pRSVgal, an internal control vector which contains a /3-galactosidase reporter gene (32) . Total RNA were extracted 72 hours after transfection and used for RNase protection analysis. At the same time, 100 pi of cell lysate were prepared for assay of CAT activity (33) . The Bradford assay (34) was used to determine protein concentrations. Based upon the protein measurement, equal amount of sample of each construct was used for CAT assay. The level of /3-galactosidase activity was also determined as described (35) and was used as a measure of transfection efficiency. The final values of CAT activities were adjusted based upon their different efficiencies of transfection measured by /3-galactosidase assay.
Antisense RNA probe preparation by PCR and RNase protection assays A PCR-modified RNase protection assay was used in this study (29) . A pair of primers were designed to complement the sequences flanking the desired poly (A) sites. A SP6 RNA polymerase promoter sequence (PPS) was attached to the 5' end of the antisense primer. As a result of the ensuing PCR amplification of genomic DNA, a linear DNA template containing a terminal PPS was generated. Radiolabeled transcripts initiated from the PPS were then used as antisense RNA probes. SxlO^pm of probe were hybridized at 30°C with 10 /tg cellular RNA from MTX-resistant cells or 2 /tg poly A + RNA from the transfected COS cells. Thirty-five /tg/ml RNase T2 was used to remove unprotected segments of RNA. Protected P-radiolabeled antisense RNA probe complementary to the sequence across the first DHFR poly(A) site was used for the Northern blot hybridization. About 5 x 10 7 cpm of probe was applied in this experiment and 10 \i% of total RNA was used for each sample. Lanes 1, DC-3F; 2, DC-3F/A3 and 3, DC-3F/MQ19. PCR followed by in vitro transcription was used to synthesize the antisense RNA probe. fragments were analyzed on 6% denaturing acrylamide gels containing 7 M urea in parallel with DNA sequence ladders as size markers. The intensity of the radioactivity in each band was measured by densitometric scanning of exposed X-ray films.
Site-directed mutagenesis
Eight mutants were generated via site-directed mutagenesis using Promega's Altered Site™ system (36) . In brief, the 2.1 kb BamUl fragment containing the three poly(A) sites was cloned into a phagemid vector, pSELECT-1 (Promega), followed by single-stranded DNA extraction. Hybridization was carried out between the single-stranded DNA template and two synthetic oligonucleotides. The first one, containing a mismatch or mismatches in the middle of the fragment, was used to incorporate a point mutation(s) into the complementary DNA strand. The second one, an ampicillin resistant correction primer (Promega), was used to confer ampicillin resistance to the mutant DNA strand for selection. Following hybridization, both oligonucleotides were extended with DNA polymerase (Promega) to create a doublestranded structure. The remaining nicks were then sealed with DNA ligase (Promega) and the duplex structure transformed into an E.coli host. Mutants were then selected by ampicillin resistance and verified by sequencing. The resulting mutant 2.1 kb inserts were then recloned into the original transfection vector.
RESULTS
Allele-specific DHFR RNA expression demonstrated by Northern blot analysis
The allele-specific expression profiles of DHFR transcripts found in sublines of DC-3F are demonstrated by the Northern blot shown in figure IB and have been reported previously (23 -25) . Three major transcripts, 1000, 1650 and 2150 nt in length formed by use of three poly (A) sites (Fig. 1 A) are found in these cells and the abundance of each is different between the two alleles. In the case of the 21 K allele represented by DC-3F/A3 (Fig.  IB, lane 2) , the longest transcript (2150 nt) is expressed at high levels, while the 1000 nt and the 1650 nt transcripts are expressed at relatively lower levels. On the other hand, expression from the 20 K allele represented by DC-3F/MQ19 (lane 3) is BamHi Figure 2 . Construction of pSCAT-21 and pSCAT-20. The 2.1 kb genomic fragment from both DHFR alleles containing the three DHFR poly(A) sites were purified from plasmids p21K-2.1 and p20K-2.1 (19) through BamHi digestion. This 2.1 kb fragment was then cloned into the vector pSCAT6 at BamHi site which is located downstream of the CAT reporter gene. The orientation of the insert was determined by restriction mapping and sequencing.
characterized by predominant expression of the shortest transcript (1000 nt), while the 1650 nt and the 2150 nt species are expressed at the lower levels. A minor transcript of approximately 6 kb in length found in poly(A) + RNA preparations, but not readily observed in blots of cellular RNA as shown in figure 1, is also formed from the 20 K allele, presumeably through polyadenylation at a site located 4 kb further downstream of the third poly (A) site. No such transcript is found to be expressed from the 21 K allele (19) . DC-3F (lane 1) is the parental cell line used here as a control. No specific DHFR transcripts can be seen in this lane due to their low level of expression. However, use of poly A + RNA and long exposure times has shown that the same three transcripts are expressed in DC-3F cells and that their distribution is representative of a mixture of the transcripts from the two alleles (20) .
Although some variation in the relative amount of the three RNA species is observed between different RNA samples, the overall difference in the distribution profile of the three major transcripts expressed from the two alleles remains consistent. By determining the relative amounts of each DHFR species by multiple Northern blot analyses of total cellular RNA (data not shown), the distribution of these transcripts is as follows: from the 21 K allele, the 1000 nt transcript accounts for 15%, the 1650 nt transcript 35%, and the 2150 nt transcript 50% of the total DHFR RNA, whereas from the 20 K allele, the 1000 nt transcript accounts for 45% of the total DHFR RNA, and the 1650 and the 2150 nt transcripts account for 35% and 20%, respectively. Analysis of poly (A) + RNA indicates that the 6000 nt transcript expressed from the 20 K allele accounts for less than 5 % of the DHFR RNA expressed from that allele (19) . 
CAT activity as a measurement of polyadenylation efficiency of poly(A) sites in transfected COS cells
The 2.1 kb BarnYD. genomic fragment that in each DHFR allele contains the three poly (A) sites (19) was cloned into pSV2CAT downstream of the CAT reporter gene (Fig. 2) . In this configuration, CAT-DHFR transcripts are polyadenylated at the three DHFR poly (A) sites contained within the cloned 2.1 kb fragment. The level of CAT expression, as measured by the level of CAT activity post transfection, depends upon the efficiency of polyadenylation. As seen in Figure 3 , pSV2CAT (lane 2), containing a SV40 poly(A) site and a small t intron, was used as a positive control, and produced the highest CAT activity (100%). Deletion of the intron and replacement of the SV40 poly(A) site with the three DHFR poly(A) sites from either allele generates essentially the same level of CAT activity: 97 % from pSCAT-21 (lane 4) and 93 % from pSCAT-20 (lane 5). Low activity (15.5 %) is observed following transfection of pSCAT6, a negative control vector that contains neither a SV40 poly(A) site nor the DHFR poly (A) sites (lane 3). This low activity is probably due to the expression of a small amount of CAT-DHFR transcript polyadenylated at cryptic sites present within the pSCAT6 sequence (30) . No CAT activity is seen after transfection with pRSVgal (lane 1), a vector which does not contain the CAT gene. That the expression of pSCAT-21 or pSCAT-20 in COS cells both generate essentially the same level of CAT activity is consistent with previous RNase protection studies in which it was demonstrated that the same amount of polyadenylated CAT-DHFR transcript is produced from pSCAT-21 and pSCAT-20 during transient expression in COS cells (Yang, Hussain and Melera, submitted).
Mapping the poly(A) sites found in CAT-DHFR transcripts expressed by pSCAT-21 and pSCAT-20 transfectants
To map the poly(A) sites of the CAT-DHFR transcripts expressed from either pSCAT-21 or pSCAT-20, three antisense RNA probes were designed to complement the sequence spanning each of the three poly (A) sites. The results are shown in figure 4. To map the first poly(A) site, a 171 nt antisense RNA probe was used (Fig. 4A) . A 165 nt fragment protected by the probe represents readthrough (RT) transcripts polyadenylated at the second and third sites. Four protected fragments, 95, 101, 105 and 108 nt in length, represent the transcripts polyadenylated at the first poly (A) site (19) . The occurrence of the same-sized fragments in DC-3F/A3 (lane 2), DC-3F/MQ19 (lane 3), pSCAT-21 (lane 4), and pSCAT-20 (lane 5), indicates that the same sites were used for polyadenylation of the transiently expressed short CAT-DHFR transcripts in COS cells and the 1000 nt DHFR transcript in CHL cells. The four fragments are much less abundant in the RNA from pSCAT-21 than in the RNA from pSCAT-20. This is consistent with the difference observed in vivo, in which the majority of 21 K allelic DHFR transcripts are polyadenylated at the third poly(A) site while those from the 20 K allele are primarily polyadenylated at the first site ( Fig.  IB and 19) .
To map the second poly(A) site, a 191 nt antisense probe was used (Fig. 4B) . A 185 nt fragment protected by the probe corresponds to an RT transcript which ends at the downstream poly (A) site. The 116 nt fragment corresponds to the transcript which ends at the second poly(A) site in the cloned DHFR genomic fragment. The same-sized 116 nt fragment is noted for pSCAT-21 and pSCAT-20 (lanes 5 and 6) as well as for Overall, the results confirm earlier in vivo DHFR transcript mapping data (19) and in addition demonstrate that the polyadenylation patterns of CAT-DHFR transcripts expressed in transfected COS cells as directed by the 2.1 kb BaniHl genomic fragments taken from the 3' ends of the two DHFR alleles faithfully reproduce the polyadenylation patterns seen in vivo. Figure 4 . Mapping of the first, second and third poly(A) sites of CAT-DHFR transfectants. Three pairs of the PCR primers were used to map the three poly (A) sites: PA1-5' and PA1-3' (for the first site); P A 2 -5 ' and PA2-3' (for the second site); and PA3-5' and PA3-3' (for the third site). DNA sequence ladders run in parallel with RNA samples were used as markers to identify the size of each protected fragment. To accommodate the various sizes of the protected fragments of the CAT-DHFR transcripts at each poly(A) site, different lengths of pRSVgal protected fragments were used as internal controls in the different mapping experiments, i.e. 86 nt for site one, and 98 nt for sites two and three. A. Mapping of the first poly(A) site. Lanes: P, undigested probe; 1, yeast tRNA; 2, DC-3F/A3; 3, DC-3F/MQ19; 4, pSCAT-21; 5, pSCAT-20. The horizontal arrows indicate: P, the undigested probe; RT, the readthrough transcript; PA1, the transcripts that are polyadenylated at the first poly(A) site; IC, the co-expressed pRSVgal transcript, used here as an internal control. The blackened triangles represent nonspecific protected fragments. The four fragments (95, 101, 105 and 108 nt) in lane 4 are difficult to see, but can be detected in a longer exposure of the gel. B and C. Mapping of the second and third poly(A) sites, respectively. Lanes: P, undigested probe; 1, yeast tRNA; 2, DC-3F/A3; 3, DC-3F/MQ19; 4, COS-1 (without transfection); 5, pSCAT-21; 6, pSCAT-20. The same abbreviations and triangle markers as used in panel A are used in panel B and C. Two bands corresponding to the readthrough transcript noted in panel C, lane 3 are considered to be a nuclease digestion artifact of the experiment since they were not seen in our previous RNase protection analyses (19) .
Mapping the poly(A) sites of CAT-DHFR transcripts expressed from mutant plasmids
Site-directed mutagenesis was performed to identify the sequence elements in the 2.1 kb BamHl fragments of the DHFR gene that are primarily responsible for the allele-specific polyadenylation patterns. Eight mutants were generated, and their sequences are shown in figure 5 . Comparing the sequences of these fragments from the two alleles, four nucleotides were found to be deleted from the 3' end of the third poly (A) signal in the 20 K allele (Fig. 5A and 19) . As a result, the sequence of the third signal changes from AAUAAA in the 21 K allele to AAUAAU in the 20 K allele. The impact of this change was examined by four mutants, three of which were made in the BamHl fragment from the 21 K allele (21M3-1, 21M3-2 and 21M3-3) and one in the fragment from the 20 K allele (20M3-1). The first two mutants changed the consensus AATAAA sequence of the third poly(A) signal to either AATAAT (21M3-1) or AACAAA (21M3-2). In the third mutant, a double point mutation was introduced. Our previous studies had shown that the four-base deletion that disrupts the consensus AATAAA signal in the 20 K allele results in the use of a cryptic signal, TATAAA, located 26 nt upstream of AATAAA ( Fig. 5A and 19 ). The double mutant (21M3-3) of the 21 K allele disrupts both, converting the TATAAA and AATAAA sequences to TACAAA and AACAAA, respectively. In the fourth mutant, 20M3-1, a point mutation was introduced A.
The Normal Sequence:
The First Poly(A) Site: mutant, the spatial shortening resulting from the four-base deletion in the 20 K allele was not restored.
The impact of these four mutations on the pattern of polyadenylation is shown in figure 6A , B, and C, lanes 7 -10, and the results are summarized in figure 7 . Compared with the wild-type, disruption of the third poly(A) signal sequence, AATAAA, in the 21 K allele (mutants 21M3-1 and 21M3-2) dramatically reduces utilization of this site (Fig. 6C, lane 5 vs.  7 -9 ) , while, at the same time, substantially increasing the utilization of the first site (Fig. 6A, lane 5 vs. 7-9 ). In addition, the site of polyadenylation shifts, in an allele dependent manner, either 17 nt or 21 nt upstream where TATAAA is used as the poly(A) signal (Fig. 6C, lane 5 vs. 7 and 8) . Presumably due to the destruction of both poly (A) signals, no clearly visible transcript is processed at either site in mutant 21M3-3, in which double point mutations were introduced (Fig. 6C, lane 9) . In contrast, when the wild-type AATAAT sequence in the 20 K allele is converted to the consensus AATAAA sequence in mutant 20M3-1, the utilization of the third poly (A) site is dramatically increased to a level similar to that observed in transfectants with the wild-type 21 K allele, even though the spatial shortening caused by the four-base deletion is not restored (Fig. 6C , lanes 5 vs. 10). At the same time, utilization of the first poly(A) site drops accordingly (Fig. 6A, lanes 6 vs. 10) , and the amount of RT transcript at the second poly(A) site substantially increases as indicated by the intensity of the 185 nt fragment in figure 6B , lane 10. This is consistent with a shift of polyadenylation from the first site to the third site as reflected by the signals obtained from the control plasmids (Fig. 4B, lane 5 and 6 ) and the RNA obtained from DC-3F/MQ19 and DC-3F/A3 cells (Fig. 4B , lane 2 and 3) as well. The inability to detect differences in the level of RT transcripts present at the first site (Fig. 4A) results from the need to overexprose the gel in order to adequately visualize the multiple transcripts found at that site (19) .
In comparison, none of the four mutations introduced at or near the site of the third poly(A) signal altered utilization of the second poly (A) site (Fig. 6B , lane 5 and 6 vs. 7-10).
To further identify the role of the spatial change caused by the four-base deletion, a four base sequence, CAAT, was inserted immediately following the third poly(A) signal sequence in the 20 K allele (20M3-2), thus restoring the spacing found in the 21 K allele. In this configuration, the nonconsensus AATAAT signal sequence remains unchanged. No alterations in polyadenylation were found at any of the three poly(A) sites resulting from this insertion (Fig. 6A , B, C, lane 11 and Fig. 7) .
Point mutations were also placed within the sequence of the first poly(A) signal. At first, the original sequence, ATTAAA, was changed to the consensus sequence AATAAA in both alleles (20M1-1 and 21M1-1). Despite this sequence alteration (20M1-1), no substantial changes in utilization of the three poly (A) sites in the 20 K allele were observed (Fig. 6A , B, C, lane 12; Fig. 7 ). The lack of change in polyadenylation is probably due to the fact that the utilization of the first site has already predominated in the 20 K allele, and further enhancement of the first signal does not substantially increase that utilization. A dramatic change, however, is observed in the 21 K allele following the same sequence change at the first poly(A) signal (21M1-1). Prior to this sequence change, the third poly(A) site is predominant among the three sites (Fig. 6A , B and C, lane 5). The presence of the mutation, however, shifts the dominant site from the third to the first site (Fig. 6A , B and C, lane 13 and Fig. 7) . The utilization of the third site decreases to about half of the original level (Fig. 6C, lane 13) , while the utilization of the second poly (A) site drops dramatically (Fig. 6B, lane 13) .
Further comparison of sequence differences between the two alleles also indicates the existence of a point mutation, i.e. a T/C conversion, located 25 nt downstream of the first poly(A) signal (Fig. 5A and 19 ). This point mutation is located near the putative downstream sequence element of the first poly (A) signal and, therefore, may affect utilization of the first poly(A) site. To examine the potential impact of this T-C point mutation on polyadenylation, the nucleotide T in the 20 K allele was changed to a C in order to mimic the sequence present in the 21 K allele (20M1-2). As shown in lane 14 of figure 6A , B and C, and in figure 7 , this sequence alteration did not result in any observed change in polyadenylation, indicating that decreasing the U content in the sequence downstream the first poly (A) signal, albeit by a single residue, has no effect on the processing of transcripts at the first poly (A) site.
DISCUSSION
For this report we have utilized site-directed mutagenesis of the 3' exon of two polymorphic Chinese hamster DHFR alleles coupled with transfection studies in an attempt to clarify the mechanism(s) responsible for the unique patterns of polyadenylation that specifically accompany the expression of each allele (20) . Previous studies (19) had identified several nucleotide sequence differences in the genomic DNA containing the multiple poly(A) signals of each allele, and together with RNase protection assays had shown that a mutation in the third poly(A) signal of the 21 K allele, converting AAUAAA to AAUAAU in the 20 K allele, was present (19) .
To investigate the extent to which this mutation alone was responsible for the altered polyadenylation patterns, separate CAT reporter gene constructs containing the relevent portions of the 3' exons of each allele were prepared and their expression in COS cells analyzed. Our data show ( Fig. 6 and 7 ) that the singlebase change in the third poly(A) signal sequence of the 20 K allele (resulting from a four base deletion), is indeed the major factor responsible for the differences in polyadenylation pattern among transcripts from the two DHFR alleles in CHL cells. That equivalent levels of CAT activity are expressed from each of the CAT-DHFR chimeric constructs and the pSVCAT control as well (Fig. 3) , however, suggests that regardless of the dramatic differences in polyadenylation patterns that exist between the two alleles, the total amount of RNA polyadenylated in vivo is the same and that the efficient processing afforded by the SV40 poly(A) signal present in pSVCAT (33) can be replaced by the three signals present in either DHFR allele, even though in the case of the 20 K allele, no consensus AAUAAA signal is present. These results are consistent with others to be presented elsewhere showing that in similar transfectants the levels of transient poly(A) + CAT-DHFR mRNA expression from each construct are indistinguishable (Yang et al, submitted) . The fact that the polyadenylation pattern of CAT-DHFR transcripts from the two allele-specific constructs faithfully reproduces the patterns of polyadenylation observed from the endogenous DHFR alleles (Fig. 4 A, B and C) also shows that, in contrast to other reports (38) , the presence of a terminal 3' intron is not required for accurate poly (A) site selection in vivo.
The remainder of the sequence differences between the two alleles, including the spatial shortening caused by the four-base deletion at the third poly(A) site in the 20 K allele and the T/C conversion located 25 nt downstream of the first poly(A) signal, have no detectable effect on the utilization of any one of the three poly(A) sites (Fig. 6 and 7) . The fact that the spatial shortening per se does not affect polyadenylation is consistent with recent studies (39) indicating that 5 to 7 nt is the minimal length required between the poly(A) signal and the cleavage site to ensure efficient polyadenylation. The four-base deletion in the 20 K allele brings the distance between the upstream poly(A) signal sequence and the downstream cleavage site to 9 nt, well outside this minimum range.
The lack of a negative effect on utilization of the first poly(A) signal in the 20 K allele by decreasing the 'U-richness' of the sequence immediately downstream of the cleavage site (Fig. 6A,  lane 14) , may reflect the fact that no GU or U-rich region is present (Fig. 5A and 19) . Nevertheless, when the first signal is converted to a consensus in the 21 K allele (mutant 21M1 -1), its use increases about four fold, allowing it to become the predominant signal (Fig. 6A, lane 13) , while use of the third signal, which does contain a GU-like consensus sequence 31 nucleotides downstream (19) , decreases by 50% (Fig. 6C, lane  13) . Interestingly, this is the only construct tested in which utilization of the second site is appreciably affected, and it is dramatically reduced (Fig. 6B, lane 13) .
Surprisingly, converting the first signal to consensus in the 20 K allele (mutant 20M1-1) has very little impact on the overall pattern of polyadenylation (Fig. 6A , B and C, lane 12; and Fig.  7) , suggesting that the lack of a downstream GU-rich region may limit the efficiency (40) with which the first signal can be utilized. It must be kept in mind, however, that in the wild-type 20 K allele, the first signal is the dominant signal. Comparing the effect of placing a consensus sequence at the first signal in both alleles indicates that the relative degree to which that signal is utilized is dependent upon the intrinsic strengths of both the first and third signal.
These results raise some interesting points concerning the mechanism of poly(A) site selection in genes that contain multiple poly(A) signals. Although 5' to 3' and 3' to 5' scanning models have been discussed (41) , the former cannot easily explain the strict reliance that utilization of the first poly (A) site in the DHFR gene has on the nature of the third site which is located 1.2 kb downstream, nor can the latter explain the result obtained with the mutant construct 21M1-1 in which the first site becomes dominant over the third, even though the third signal remains consensus. Instead, our results are most easily explained by a model suggested previously (19) in which processing of DHFR primary transcripts does not occur to any appreciable extent until transcription proceeds beyond the third site, i.e. processing at the first site and probably the second as well is slow compared to the rate of pol II transcription. Active cleavage and polyadenylation complexes would form at potential processing sites based primarily upon the relative affinities of the processing factors for those sites. Whether or not a site enjoyed an advantage because of its proximity to the promoter would depend upon its strength relative to other sites around it and upon the distance between sites. Relative differences in the efficiency with which active cleavage and polyadenylation complexes formed would determine the pattern of polyadenylation, and all sites at which productive complexes did form would be processed. Hence, in the absence of high affinity sites, lower affinity sites could account for the bulk of the polyadenylated transcripts. The patterns of polyadenylation would change, therefore, according to the nature of the sites present and the distance between them. This 'competition' model explains most of our observations, including the apparent dependence for first site utilization on the strength of the third, the ability of the first site to be predominant in the absence of a consensus third site, the lack of utilization of the second site when both the first and third sites are consensus, and the fact that the same amount of polyadenylated transcript can be generated from either allele. That such competition can apparently occur over the considerable distances reported here, i.e. 1.2 kb, is also consistent with the great size variation known to exist among 3' terminal exons (42) .
The model does not, however, readily explain how the second site can account for more transcript than the first site during expression of the 21 K allele and less transcript than the first site during expression of the 20 K allele. Two possible explanations for differential utilization of the second site are 1) the nucleotide sequence differences that do exist between the two alleles (19) may impart structural changes to the primary transcript that alter the affinity of the second site for processing factors or 2) the proximity of the second site to the primary processing sites of both alleles may enhance the opportunity for the second site to bind trans-acting factors concentrated at or near the primary sites. Finally, the model predicts that the bulk of all primary transcripts will be cleaved and polyadenylated only once and mat the steady state pattern of polyadenylation reflects the inherent strength of each site, the distance between sites, and the relative rate with which processing at a given site compares to the rate of transcription. Resolution of these issues and verification of the model itself requires further experimentation.
